The magnetic properties of rare earth compounds are usually well captured by assuming a fully localized f shell and only considering the Hunds rule ground state multiplet split by a crystal electric field (CEF). Currently, the standard technique for probing CEF excitations in lanthanides is inelastic neutron scattering. Here we show that with the recent leap in energy resolution, resonant inelastic soft X-ray scattering has become a serious alternative for looking at CEF excitations with some distinct advantages compared to INS. As an example we study the CEF scheme in CeRh 2 Si 2 , a system that has been intensely studied for more than two decades now but for which no consensus has been reached yet as to its CEF scheme. We used two new features that have only become available very recently in RIXS, high energy resolution of about 30 meV as well as polarization analysis in the scattered beam, to find a unique CEF description for CeRh 2 Si 2 . The result agrees well with previous inelastic neutron scattering and magnetic susceptibility studies. Due to its strong resonant character, RIXS is applicable to very small samples, presents very high cross sections for all lanthanides, and further benefits from the very weak coupling to phonon excitations. The foreseeable further progress in energy resolution will make this technique increasingly attractive for the investigation of the CEF scheme in lanthanides.
I. INTRODUCTION
Resonant inelastic X-ray scattering (RIXS) in the soft X-ray range has seen a rapid development in recent years. As a result, the most modern RIXS spectrometers today can achieve an energy resolution of a few tens of meV at 1 keV incident photon energy, the possibility of truly three-dimensional mapping in q space, and allow for polarization analysis in the scattered beam. This opens new perspectives for studying the low energy excitations in strongly correlated systems at energy scales relevant for the material properties. Recent examples that showcase these new possibilities are the work on orbital, spin and charge-density wave excitations in cuprates and other transition metal oxides. [1] [2] [3] [4] [5] [6] [7] This high-resolution RIXS work has focused on strongly correlated, transition metal compounds. By contrast, no work on 4f systems has been reported. One of the reasons is that the energy scale of the interesting excitations in the rare-earth intermetallics does usually not exceed 50 meV which has been a major challenge for RIXS. Here we report the first high-resolution RIXS study of low energy magnetic excitations in rare-earth intermetallics and demonstrate the capabilities of this new technique for characterizing the crystal electric field (CEF) in these materials.
These CEF excitations are a consequence of the broken spherical symmetry when a rare-earth ion is placed in a crystalline environment. In most cases the hybridization of the 4f states with the valence states of the surrounding atoms is weak. Then the effect of the surrounding crystal can be treated as an effective electric potential created by the neighboring atoms which is acting on atomic-like 4f states. The CEF will split the ground state multiplet of the rare earth ion depending on the point symmetry at the lanthanide sites which results in a huge and important effect on the magnetic properties of lanthanide based compounds. For instance, the large magnetic anisotropy which is frequently observed in lanthanide systems and which is basis for a number of applications is a result of the CEF.
Once the CEF of a system has been well characterized the single ion model usually yields very good agreement with the thermodynamic properties of the system at high and intermediate temperatures. At lower temperatures the effect of intersite interactions, as for example the RKKY exchange interaction, or the coupling of the 4f electrons to valence states, e.g.
the Kondo interaction, become important and results on the one hand in deviation from the single ion CEF behavior, and on the other hand in a number of phenomena of fundamental relevance, like magnetic ordering, formation of heavy fermions, and quantum critical points.
Recently the direct interplay of CEF and 4f -conduction hybridization has moved into focus, since it might induce a new kind of transition named meta-orbital transition. [8] [9] [10] In order to extract the signatures of these exotic physics out of the data, a very good description of the conventional contributions due to CEF effects is needed. For this reason, a wealth of experimental studies dealing with the experimental determination of the CEF scheme can be found in the literature.
To date, inelastic neutron scattering is the standard technique for CEF studies as it can directly probe excitations from the crystal field ground state into excited states and thus obtain information on the energy splittings between the CEF levels and the symmetry of the levels. We have recently shown that these excitations can in principle also be seen with RIXS at the M 4,5 edges of the lanthanides. 11 However, up to now the available energy resolution of 100 meV and more was simply not sufficient for resolving the CEF splittings in rare earth ions (few tens of meV). Here we show that with the energy resolution provided by the most modern spectrometers, RIXS can become a valuable alternative to inelastic neutron scattering with some distinct advantages and disadvantages that make it very complementary to INS as we will discuss below.
We have performed our exploratory study on CeRh 2 Si 2 as the reported CEF splittings are relatively large (up to 50 meV) and well compatible with the resolution achieved in RIXS to date. CeRh 2 Si 2 shows a very interesting phase diagram with AFM order and unconventional superconductivity in close proximity and therefore attracts a lot of attention. [12] [13] [14] [15] [16] However, the CEF schemes reported in the literature are contradictory both in terms of the observed energy splittings as well as the symmetry and the anisotropy of the CEF levels of the 2 F 5/2 multiplet. 17-20 Therefore, a study of the CEF in CeRh 2 Si 2 is also interesting in itself beyond showcasing the capabilities of RIXS.
II. EXPERIMENTAL DETAILS AND CALCULATIONS
The measurements were performed at the ID32 beamline of the ESRF. This instrument is the first of a new generation of soft X-ray RIXS spectrometers and offers an energy resolution of about 30 meV at the Ce M 4,5 edges, the possibility of continuously changing the scattering angle allowing 3D q dependent measurements and, in addition, enables polarization analysis in the scattered beam. CeRh 2 Si 2 single crystals have been grown using a standard Czochralski technique in a tri-arc furnace and oriented prior to the experiment using X-ray Laue diffraction.
For the multiplet calculations we have used the Quanty code 21, 22 . In this code the CEF is parametrized by weighted coefficients A k,m of the expansion of the crystal field potential onto renormalized spherical harmonics. These coefficients A k,m have to be found experimentally.
In 
and all CEF parameters A k,m parameters except A 20 , A 40 , and A 44 will be zero. These three parameters fully define the energy of the three states as well as the mixing α in the Γ 7 states.
The RIXS spectra are then calculated using the usual Kramers-Heisenberg Hamiltonian for RIXS. 23 The intensity of the (quasi-)elastic line in the experimental and calculated spectra is not well defined and we take it as a parameter that is fitted to match the experiment. In contrast, the energy position and relative intensity of the excitations with non-zero energy are fully defined by the A k,m parameters.
III. RESULTS AND DISCUSSION
A. High-resolution RIXS
In Fig. 1 RIXS provides very clean CEF excitation spectra that can be easily analyzed without the need for additional data from a non-magnetic reference compound.
In order to avoid biasing our analysis we have calculated the RIXS spectra at different In grey the RIXS spectrum of a Ce 4+ reference sample that is well described by a single, resolution limited Gaussian at zero energy loss.
and intensity of all three peaks in the excitation spectra, the quasi-elastic line at zero energy and the two excitations at ∆ 1 and ∆ 2 , would reduce the possible sets (A 20 , A 40 , A 44 ) to a few. Unfortunately, the intensity of the (quasi)elastic line at zero energy loss relative to the other, none-elastic features in the RIXS spectra is not well defined. But the lack in information on the intensity of the quasi-elastic line can be compensated by measuring the RIXS spectra at several q, i.e. in different scattering geometries, and using that the intensity ratio between the ∆ 1 and ∆ 2 excitations varies differently with scattering geometry for different (A 20 , A 40 , A 44 ). Table I are marked with red circles.
The parameter sets giving the best fit for a certain q are shown in Fig , and Γ 6 levels. Both the radius and the position of these rings will change with ∆ 1 and ∆ 2 and matching them with the data points is a very robust way of determining the energy splittings. The plot shows that considering the RIXS spectra at only one q can already be enough to extract the energy scale of the CEF excitations. However, in order to get an unambiguous result for the symmetry of the ground and the excited states, i.e. on which of the three circles in Fig. 2 the solution is located, as well as the mixing α, i.e. where on that circle the solution is located, one has to combine data at several, different q. Those CEF parameter sets that gave a good fit to the experimental data for all measured q are shown as black dots in Table I . Thermal population of excited CEF levels gives rise to additional excitations, including transitions from the excited levels back into the CEF ground state which show up at negative energy loss, i.e. the photons gain energy during the scattering process. For comparison we also show data for T = 30 K (gray symbols). the Ce site. Nonetheless we were able to put severe restrictions on the possible CEF scheme in CeRh 2 Si 2 . Clearly the experimental data is only compatible with a Γ 7 ground state, the first excited state at (30 ± 2) meV, also with Γ 7 symmetry, and the second excited state at (53 ± 3) meV with Γ 6 symmetry. This finding is in very good agreement with a previous result obtained with INS 17 showing that both techniques yield compatible information.
B. Temperature dependence and effect of excited CEF levels
The energy scale of excited CEF levels in thermodynamic measurements can be estimated from the observed temperature dependence due to thermal population of excited CEF levels at elevated temperatures. Inelastic scattering experiments, in contrast, are typically performed at temperatures low enough to have only the CEF ground state populated. Then the energy of excited CEF levels is simply given by the position of the peaks in the energy loss spectra. If thermally excited states are involved the expected loss spectra get much more complicated as the number of possible excitations increases and one should, in principle, observe additional losses at energies that correspond to transitions starting from excited CEF levels.
This effect of excited CEF levels on the excitation spectra is shown in Fig. 3 where we
show high-resolution RIXS data collected at q= (0.0, 0.0, 1.4) for T = 30 K and T = 300 K.
The comparison shows that at room temperature the spectral shape of the loss spectrum is significantly different to that at low temperatures. Most notably, excitations at negative energy loss emerge. They correspond to electronic transitions from thermally excited CEF levels back into the CEF ground state, where the excess energy is transferred to the scattered photon.
We can compare the experimental data at room temperature with multiplet calculations when we start out with an initial state where the ith CEF level is populated according to
Boltzmann statistics is not compatible with the excitation spectrum at room temperature, both on the energy loss and the energy gain side. The data clearly demonstrates that the expected temperature dependence of RIXS spectra due to thermal population of excited CEF levels (i) can be observed and (ii) contains valuable further information on the energy scale of the CEF excitations.
C. Shape and in-plane orientation of the Γ 7 wavefunctions: a case for polarization resolved RIXS
One important aspect of the CEF scheme that has not been addressed yet in our discussion is the mixing α between |J z = ±5/2 and |J z = ∓3/2 in the Γ 7 states. Besides the energy splitting between the states and their symmetry, this mixing factor is an essential CEF parameter, especially when the CEF ground state is a Γ 7 states, as in the present case.
It then determines the anisotropy at lower temperatures, with α = 0 or α = 1 leading to a pure Ising system with large susceptibility along the tetragonal c axis, while α = 3/8 results in a pure XY system with a large in-plane susceptibility. Accordingly α dictates the shape of the Γ 7 wave function. In Fig. 2 the mixing factor α would tell where exactly on the Γ It is evident in Fig. 2 that the CEF parameters that give a good fit of the RIXS spectra for all measured q accumulate only in certain sections of the Γ 1 7 − Γ 2 7 − Γ 6 circle. Furthermore the distribution of the data points is not symmetric with respect to the A 44 = 0 plane because the RIXS spectra for +α are not the same as those for −α. As stated above, each α should, in theory, give a distinct intensity ratio between the three peaks in the 2 F 5/2 → 2 F 5/2 multiplet spectra and one should be able to extract the splittings, the symmetries and α from one single spectrum, but unfortunately the intensities of the experimentally observed as well as the calculated elastic line in RIXS are not well defined. This uncertainty in the intensity of the elastic line and the only slow variation of the intensity ratio of the two loss peaks with α is responsible for the wide distribution of the black dots over almost one eighth of the Γ Polarization resolved RIXS can be a further independent method to get the full information on α. While for fixed splittings and symmetry of the CEF levels the RIXS spectral shape without polarization analysis evolves only slowly with α, the changes are much more pronounced when separating the crossed and non-crossed polarization components in the scattered beam. This can be used to determine not only the sign but also the absolute value of α with good accuracy directly from RIXS. Soft X-ray RIXS with polarization analysis in the scattered beam has only recently become available 26, 27 but is an invaluable tool for the CEF analysis. In Fig. 5 we show polarization resolved RIXS spectra taken at q = (0, 0, 1.2) with incident π and σ polarization and either the (100) direction or the (110) direction of the sample in the scattering plane. Because of the low reflectivity (∼11%) and efficiency (∼25%) of the polarizing multilayers used in the soft X-ray range, the data has been collected with the high-throughput configuration of both beamline and spectrometer giving an overall energy resolution of 55 meV.
In order to show the sensitivity of the spectra to the mixing α we compare the experi- Table I .
All three values of α give a very different response in the two polarization channels, also for the 2 F 5/2 → 2 F 7/2 excitations at higher energies, with α = 0.96 being by far the most compatible with the experimental data for all three combinations of polarization and sample orientation. On the basis of the polarization resolved RIXS data we can therefore determine both the sign and the absolute value of α with much higher precision than from high resolution data shown in Fig. 1 only. In Fig. 6 we show those parameter sets (A 20 , A 40 , A 44 ) which best fit the polarization resolved RIXS spectra in Fig. 5 , in a different color for each spectrum. The black dots mark those parameter sets that fit all three spectra and set narrow limits on α. The found mixing agrees very well with that obtained from combining the high-resolution data with information from magnetic susceptibility measurements (see Fig. 4 ). The data clearly demonstrates that RIXS can be used in a similar fashion as NIXS for the determination of the in-plane orientation of orbitals that is given by the sign of α, while also giving direct information on the excited CEF levels. Table I ).
The LD in XAS will be sensitive to these CEF modifications at the surface, too, as a large portion of the signal is coming from the first few unit cells. A strong indication for this sensitivity is given by the data shown in Fig. 8 . There we compare the LD dichroism of CeRh 2 Si 2 measured once in grazing incidence geometry, where the surface contributions are very high, and once in normal incidence with reduced surface contributions. The small geometric reduction of the LD for grazing incidence by a factor sin 2 θ with θ = 20
• the incidence angle with respect to the surface plane has been corrected. Therefore, the normal and grazing incidence spectrum should display a comparable LD while experimentally a notably reduced LD and different overall spectral shape is observed for the grazing incidence spectrum which has large surface contributions. But even at normal incidence a significant portion of the XAS signal is still coming from the first few unit cells. Therefore, one can expect that a purely bulk-derived spectrum would shown an even larger LD, in line with what has been calculated for the CEF deduced with RIXS. As the LD is used to determine the mixing α, the too large mixing obtained with XAS compared to bulk-sensitive RIXS or susceptibility measurements could be explained by modifications of the CEF close to the surface and the sensitivity of XAS to that. Unfortunately, using bulk-sensitive fluorescence yield detection for the XAS measurements is not an option in the soft X-ray range because strong self-absorption effects result in severely distorted spectral shapes. Therefore, the surface sensitivity of TEY-XAS is an intrinsic problem for CEF work that cannot be overcome easily and that could impair the reliability of LD XAS for CEF studies.
IV. CONCLUSIONS
In summary, using the example of CeRh 2 Si 2 we have shown that RIXS is a powerful tool to study CEF excitations in rare-earth intermetallics. High-resolution RIXS provides information on the energy splittings and the symmetry of the CEF levels. In that regard it is very comparable to INS. But unlike INS, RIXS does not suffer from a phonon background that needs to be characterized. Furthermore, it can be applied to very small, sub-millimeter sized samples and even thin films. RIXS is also sensitive to the shape and orientation of the wave-function of the CEF ground and excited states. It therefore allows to determine both the absolute value and the sign of the mixing angle α with high accuracy, either in combination with magnetic measurements or on its own by using polarization analysis in the scattered beam. The technique is therefore capable of providing complete and unambiguous information on the CEF which usually can only be obtained by combining several different techniques.
As the M 4,5 resonances are strong across the entire rare earth series, RIXS will be equally suitable to study heavier rare-earth elements including strong neutron absorbers. The cross section and energy resolution in RIXS is preserved over many eV energy loss which allows to measure not only excitations within the ground state multiplet but complete multiplet spectra in the heavier 4f elements which show losses up to 10-20 eV. The resonant character of the technique provides with chemical selectivity by tuning the energy to the absorption edge of a particular element. As a photon-in photon-out technique RIXS is truly bulksensitive and compatible with the application of magnetic fields which is an important tuning parameter for the study of complex phenomena in rare earth intermetallics.
On the downside, the technique is not compatible with the application of, for instance, 
